Hekla is a frequently active volcano with an infamously short pre-eruptive warning period. Our project contributes to the ongoing work on improving Hekla's monitoring and early warning systems. In 2012 we began monitoring gas release at Hekla. The dataset comprises semi-permanent near-real time measurements with a MultiGAS system, quantification of diffuse gas flux, and direct samples analysed for composition and isotopes (d 13 C, dD and d 18 O). In addition, we used reaction path modelling to derive information on the origin and reaction pathways of the gas emissions.
C signature was consistent with published values for Icelandic magmas. The gas is poor in H 2 O and S compared to hydrothermal manifestations and syn-eruptive emissions from other active volcanic systems in Iceland. The total CO 2 flux from Hekla central volcano (diffuse soil emissions) is at least 44 T d
À1
, thereof 14 T d À1 are sourced from a small area at the volcano's summit. There was no detectable gas flux at other craters, even though some of them had higher ground temperatures and had erupted more recently.
Our measurements are consistent with a magma reservoir at depth coupled with a shallow dike beneath the summit. In the current quiescent state, the composition of the exsolved gas is substantially modified along its pathway to the surface through cooling and interaction with wall-rock and groundwater. The modification involves both significant H 2 O condensation and scrubbing of S-bearing species, leading to a CO 2 -dominated gas emitted at the summit. We conclude that a compositional shift towards more S-and H 2 O-rich gas compositions if measured in the future by the permanent MultiGAS station should be viewed as sign of imminent volcanic unrest on Hekla. Ó 2015 Published by Elsevier Ltd.
INTRODUCTION
Hekla volcano (63.98°N 19.70°W ) is one of the most frequently active, yet also one of the most unpredictable volcanoes in Europe, as a precursory seismic swarm has preceded its most recent eruptions by only a couple of hours or less (Soosalu and Einarsson, 2004 with the most recent one in 1104 AD (Thorarinsson, 1967; Larsen et al., 1999) . Following this event and until 1947 CE Hekla continued to erupt 1-2 times per century with volumes up to 0.4 km 3 (Thorarinsson, 1950 (Thorarinsson, , 1967 Larsen et al., 1999) . In recent decades, Hekla has erupted much more frequently and in significantly smaller events (<0.1 km 3 ) : in 1970 -1981 , 1991 (Thorarinsson and Sigvaldason, 1972 Gronvold et al., 1983; Gudmundsson et al., 1992; Hö skuldsson et al., 2007) . Since 2000, the volcano has been inflating and has already reached the elevation attained prior to the last eruption (Sturkell et al., 2005; Ofeigsson et al., 2011) . It is unknown whether the frequent activity of Hekla in the last 40 years is a beginning of a new eruptive trend.
There is still a significant uncertainty about the depth of Hekla's magma source. Several early ground deformation studies inferred the magma reservoir depth at 5-10 km (Kjartansson and Gronvold, 1983; Sigmundsson et al., 1992) , while a more recent and more encompassing work by Sturkell et al. (2013) locate it closer to 10 km. However, other research has indicated that there is no significant molten material shallower than 14 km (Soosalu and Einarsson, 2004) ; and that the main storage chamber is located at 16 ± 2 km depth (Ofeigsson et al., 2011) , or possibly as deep as 24 km (Geirsson et al., 2012) . Petrological analysis provides evidence in support of magma storage at $9 km (Moune et al., 2007) .
Hekla's gas budget is not well constrained, but the available data indicate that significant gas quantities are emitted both during, and in between eruptive episodes. The 2000 eruption (the smallest eruption on record) is the best documented one in terms of gas release. TOMS, MODIS, and HIRS/2-TOVS satellite retrievals detected up to 0.3-0.4 Tg of SO 2 released during the eruption (Rose et al., 2003) , but petrological data suggests that the total released amount could have been up to 0.6-3.8 Tg (Moune et al., 2007) . Hekla's syn-eruptive gas emissions have a notoriously high fluoride content (Oskarsson, 1980) which has led to fluoride poisoning in grazing animals; birds and livestock have also been reportedly killed by CO 2 and CO degassing (Thorarinsson, 1967) . Degassing of Hekla during quiescent intervals has been primarily investigated through analysis of groundwaters sourced in the area Flaathen and Gislason, 2007; Flaathen et al., 2009) . The water alkalinity has been found to be one of the highest in Iceland, attributed to the contribution of magmatic CO 2 gas and partial dissolution of volcanic bedrock (Flaathen and Gislason, 2007; Flaathen et al., 2009 ). The flux of CO 2 from the Hekla system through groundwater dissolution has been estimated to be at least 100-250 kT per annum Flaathen and Gislason, 2007; Flaathen et al., 2009) but it was noted that this is a minimum estimate as an unknown proportion of CO 2 may be lost from the system through different pathways. CO 2 concentrations have not yet been petrologically determined for Hekla's magmas.
Since the summer of 2012 we have been collecting a semi-continuous data set in order to quantify Hekla's atmospheric gas emissions (measurements ongoing at the time of writing). This manuscript presents our first findings based on the data collected in 2012 (July-September) and 2013 (March-November), all made during a quiescent interval. Through analysis of the gas composition, gas flux and stable isotope content, we provide a novel constraint on the current gas output from Hekla system and its degassing pathways. Reaction path modelling is used to lend quantitative support to our conclusions about the gas origin. These data are highly complementary to measurements during past and any future eruptive episodes.
METHODOLOGY

Field site description
The Hekla central volcano (Hekla mountain) has been built up by repeated lava flows and tephra layers and has a morphology intermediate between that of a crater row and a stratovolcano: a cone elongated in the NE-SW direction ( Fig. 1) . The glacier-free summit reaches approximately 1490 m a.s.l. A central fissure runs along the volcano's longitudinal axis. The location of the active craters varies between eruption episodes (Fig. 1 ). Flank fissures have erupted basaltic magmas, while the magmas produced by the central fissure are more silicic. The composition has ranged from basaltic andesite through dacite (Gudmundsson et al., 1992) .
At the time of our study, Hekla was in a quiescent state with no focused gas venting, but visible steam emanations were found in areas near its summit. The soil layer at Hekla is a mixture of basaltic sand and tephra; thin and presumed to be highly permeable to gases. Vegetation cover is non-existent bar very small areas of moss and lichen (Fig. 2) , and the proportion of biogenic CO 2 is thus assumed to be negligible. Across extensive parts of Hekla mountain, the top surface remained frozen and/or under snow cover throughout all seasons. In addition, in some areas a distinct layer of ice was found a few cm below the top tephra layer; this was believed to be compacted snow predating the 2000 eruption.
Weather conditions at the summit are variable, with atmospheric temperature (T) between +5 and À15°C, relative humidity (RH) at 40-70%, and highly changeable wind speed and direction.
Ground temperature and diffuse CO 2 degassing
The ground temperature (T G ) and diffuse carbon dioxide flux through soil ðu CO 2 Þ were measured on Hekla's flanks and summit in the summer months of 2012 and 2013.
In 2012, the measurements were collected over 7 days when the seasonal snow cover was at its minimum. The summit area was mapped out on a 10 Â 10 m grid with a total of 337 measurements (Table 1) . Grid-based measurements were unfortunately not made at Ö xl crater due to difficulty with access. Non-grid based measurements were also made in different locations on the Hekla mountain in areas free of snow cover, including two other recently active craters (Fig. 3) . T G in all of those areas was equal to, or lower than atmospheric T. The ground was commonly frozen and/or there was an underlying fossil ice layer. In 2013, the measurements of T G and u CO 2 were repeated at the summit. Due to unfavourable weather conditions throughout the summer of 2013, we were unable to do this until late September, which meant that the seasonal snow cover was significantly more extensive than when the measurements were made in 2012. The measurements were therefore made only along the longitudinal axis of the summit (215 m long, 42 measurement points), which is the hottest area of Hekla mountain and consequently snow-free (Fig. 3) . Whereas the total number of measurements was lower in 2013, these data allow comparison with those from 2012 for the area of highest T G and u CO 2 .
Ground temperature reading was taken at 10 cm depth using Atkins AccuTuff PLUS 330 thermometer (±0.5°C). The u CO 2 was measured directly using a closed-chamber portable CO 2 flux meter (Fig. 2) from WestSystems (described in Fridriksson et al., 2006) . The measurements were only conducted when dry weather conditions had prevailed for at least 36 h in order to avoid potential effects of water saturation of the soil pores (Granieri et al., 2003) . In 2012, as the area was mapped out over seven days, T G and u CO 2 were measured each day at a selected reference point at the summit in order to identify any fluctuations (Table 1) .
Generally, u CO 2 was either very low or below detection limits where T G was at ambient levels ( Table 1) . As shown on Fig. 3 , our measurements omit large parts of the Hekla mountain, and the maps of T G and u CO 2 are as such incomplete. See Section 3 for the estimate of u CO 2 from the unmapped areas.
Multicomponent Gas Analyzer System
Temporary installation in 2012
A Multicomponent Gas Analyzer System (MultiGAS) station was installed at the summit of Hekla on 4 July 2012. The station was installed in the location with the highest gas emissions as identified by the CO 2 ground flux mapping (Fig. 3) . Data collection was stopped in early September 2012 due to persistent icing of the powergenerating wind turbine.
The INGV-type MultiGAS (Aiuppa et al., 2009 (Aiuppa et al., , 2010 ) is based on custom-made technology, and was equipped with an infrared spectrometer for CO 2 (Edinburgh Instruments, Gascard NG, 0-1%), three specific electrochemical sensors for H 2 S, SO 2 and H 2 sensing (0-50 ppm EZ3H, 0-200 ppm 3ST/F, and 0-200 ppm EZT3HYT 'Easy Cal' respectively; all by City Technology Ltd.,) and a Vaisala RH sensor (which, when combined with co-measured pressure and temperature, allows for calculation of H 2 O concentrations of the volcanic emissions). All sensors were located inside a rugged plastic box, which also contained a STMicroelectronics microcontroller commanding acquisition, processing and storage of sensors' outputs. The station was powered by two 12 V 40 Ah battery, and a wind turbine mounted on a mast (Fig. 2) . The sampling intake was raised by $20 cm above ground level, which was necessary to avoid saturation of the CO 2 sensor. The gas emanating from the soil (mixed with ambient air) was pumped to the sensors (using an onboard 1.2 l min À1 pump), via a PTFE filter and a 1 m-long PTFE tube. The instrument Fig. 2 . Field photographs from Hekla. The surface is covered with basaltic tephra and is essentially vegetation-free. Certain areas at the summit have elevated ground temperature and remain snowfree during all seasons. Top image: Diffuse flux of CO 2 through soil was measured using a closed-chamber portable instrument from WestSystems. The instrument is carried in a backpack and operated using a wireless palm-top computer. Middle image: Temporary installation (July-September 2012) of MultiGAS station at the summit of Hekla. The station was attached to the wind turbine mast and the batteries were on the ground. Bottom image: Permanent installation (March 2013 -ongoing) of MultiGAS station at the summit of Hekla. The station and batteries are housed inside the hut which is equipped with a solar panel. The permanent installation eliminates the problem of icing.
was configured to acquire in cycles of 200 samples, each being the median of 9 measures @ 1 Hz (30 min per sampling cycle). A time interval of 6 h between sampling cycles was set. A 3G radio modem was used for telemetry, and data were retrieved remotely using custom-made software.
Permanent installation in 2013
The MultiGAS station was reinstalled on 30 March 2013 and was still in operation at the time of writing. The data discussed in this manuscript are from the period 30 March-12 November. This set-up of the station follows a new design which eliminates the problem of icing and allows measurements to be collected year-round. This winterised design has since been replicated at the summit of Etna (G. Giudice, pers. comm., May 2013). The station is housed in a small triangular hut constructed from 12 mm thick water-resistant plywood (Fig. 2) . The hut has the footprint of 150 Â 150 cm with the height of $130 cm and is insulated with 45 mm thick Styrofoam. Three 12 V 200 Ah AGM batteries connected in parallel with a 90 W solar panel fitted to the roof of the hut supply the station with power all year round. The MultiGAS station is located inside the hut on the floor with the inlet inserted directly into the soil under the hut, which gives it additional shelter from the elements and eliminates the problem of icing. Shortly after the installation of the instrument a problem with vapour condensation inside the instrument was noticed. This was solved by installing a heat-coil in the inlet of the station which reduces condensation. In addition, the station warms up for 30 min before gas is sampled in order to increase its internal temperature.
The station is equipped with the same sensors as in 2012, except that it has no H 2 sensor (the H 2 sensor does not tolerate the very water-vapour rich environment that was unavoidable in the set-up of the permanent station), and a new CO 2 sensor with detection range 0-10% (Edinburgh Instruments, Gascard NG) as the gas emissions are less diluted by background air in the current set-up. The sensors were replaced with new ones in July 2013. The telemetry has also been improved by using a directional antenna located inside the hut to avoid icing.
The general power requirements of the station is 1 Ah per 30 min sampling cycle, additionally the 3G router draws 4.8 Ah per day so the station consumes about 8.8 Ah per day based on 4 sampling cycles per day. At the current power consumption the station can last for about 68 days without any recharging from the solar panel, however, power saving options in the 3G router and alteration of the sampling frequency can increase this no-charge lifetime up to 150 days or more.
Direct gas sampling and analysis
Samples of both dry gas and condensate were collected in the summit crater area (Fig. 3) in September 2012. The sampling procedure was very time consuming due to low gas pressure, and the obtained sample number was low (n = 5 for dry gas and n = 2 for condensate). Dry gas sampling for d 13 C analysis was repeated in September 2013 (n = 25, thereof n = 2 analysed for composition). Condensate sampling was not repeated in 2013 due to time constraints, as the procedure is very time consuming and daylight was already limited at that time of year. Sampling should ideally be repeated during the summer months.
Sampling procedure in 2012
Samples were collected from 2 sites within 10 m from the MultiGAS station on 19 September 2012 by using a 1.5 m long 3/4" wide plastic probe, the lower half of which had been perforated to allow inflow of gas. The probe was inserted into the ground to a depth of $130 cm and a plastic sheet was spread on the ground around the pipe in order to focus the diffuse gas emissions. Condensate samples (n = 2) were collected via silicone rubber tubing in a polypropylene suction flask and decanted into amber glass bottles. Dry gas samples for compositional analysis (n = 5) were collected using two methods. Three samples were Table 1 Summary of CO 2 flux and ground temperature (T G ) measurements at Hekla. Values of CO 2 flux are reported to 3 significant figures. Summit: Measurements in 2012 were made on a 10 Â 10 m grid. In 2013 we were only able to collect one longitudinal profile along the summit, which does not allow the total gas flux to be calculated. The mean( * ) values for 2012 and 2013 are calculated based only on points measured along a longitudinal profile in the high-emission area at the summit (see Fig. 3 ); this allows a realistic comparison between 2012 and 2013. Ö xl crater: The grid area is given as an estimate only as accurate grid measurements were not possible due to difficult access. Other areas: These are subdivided into areas with T G elevated significantly above ambient T, and areas where T G was close to ambient ($0-4°C). These areas were measured in 2012 only, as scattered points.
Location
Measured area T G at 10 cm depth
n of points
Summit (2012) collected by using the gas pressure to displace an acidified saturated NaCl solution from a double-port glass tube. Two samples were collected by filling previously evacuated (<0.1 torr) glass flasks with two Teflon valves by using a plastic syringe of 100 cc equipped with a three-way stopcock.
Sampling procedure in 2013
Samples (n = 25) were collected from 17 sites in the summit crater area on 24 September 2013. In addition, one sample of background air was obtained at Hekla in an area judged to be unaffected by the volcanic emissions. The sampling of volcanic emissions was done by using a 1.2 m long metallic probe, the lower half of which had been perforated to allow inflow of gas. The probe was inserted into the ground to a depth of $100-110 cm and the gas was collected using two different methods. Two pressurized (around 2 bars) samples for compositional analysis were collected in glass vials with two Teflon valves by using a plastic syringe of 100 cc equipped with a three-way stopcock. Fifteen more sites were sampled (some in duplicate) using screw capped 12 ml vials (LABCO Ò ) with pierceable rubber septum. Vials were filled with gas collected by producing a very small negative pressure in the probe using a pump at a constant flux (100 cc min
À1
). The concentration of CO 2 was subsequently measured in all samples using a portable gas detector IR spectrophotometer (Edinburgh Instruments, Gascard NG, full scale 10%). The method used to collect samples for compositional analysis yielded slightly higher values of CO 2 (%) compared with 2012 (Table 2) , which indicates a lower degree of mixing with background air. This is not considered to impact the principal purpose of this sampling campaign, which was to measure d 13 C in Hekla emissions. For both types of sampling methods, the CO 2 concentration was $2 orders of magnitude higher than background CO 2 , and therefore the isotopic composition is considered to be representative of the Hekla emissions.
Analytical procedures
The condensate samples were analysed for dD and d 18 O on a Delta V Advantage mass spectrometer at the Institute for Earth Sciences at the University of Iceland. For comparison with the background environmental levels, we analysed dD and d
18 O in freshly fallen snow (less than 3-4 days old) collected near the summit where there were no manifestations of elevated heat or gas emissions.
The dry gas samples were analysed for composition and d 13 C (CO 2 ) at the Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Palermo. Concentrations of He, O 2 , N 2 , CO 2 , CO and CH 4 were determined by a Perkin Elmer Auto system XL gas chromatograph, equipped with Carboxen 1000 columns, HWD and FID detectors, and using argon as carrier. Uncertainty is $5% of measured values. Carbon isotope composition of CO 2 (and CO 2 concentration) was determined by using a Thermo Delta Plus XP CF-IRMS, coupled with a Thermo TRACE Gas Chromatograph (GC) and a Thermo GC/C III interface. The TRACE GC is equipped with a Poraplot Q Ò (0.32 mm Â 25 m) column and uses Helium (N5.6) as carrier gas at a constant flow of 0.9 cc/min. Undesired gas species, such as N 2 , O 2 , and CH 4 , are vented to atmosphere by means of back-flush of He and a Sige valve. Typical analytical precision and reproducibility (1r) of d 13 C (CO 2 ) measurements are better than 0.2 and 0.3& respectively. The results are summarized in Table 2 and full analysis results are included in Appendix I.
Reaction path modelling
Reaction path modelling was used to test if the measured composition of Hekla surface gas emissions is consistent with that of a residual gas formed after scrubbing of (water-soluble) reactive species from an initial deeplyoriginated magmatic gas, operated by infiltrated groundwater (Fig. 4) . We used the reaction path modelling approach of Helgeson (1968) and Helgeson et al. (1969) to numerically simulate interactions in the gas-water-rock system.
Reaction path simulations were performed with the EQ3/6 software package (7.2 version; Wolery, 1992; Wolery and Daveler, 1992) . This code, initially designed to model water-rock interactions in shallow (e.g., sedimentary) environments (Helgeson, 1968 (Helgeson, , 1979 Helgeson et al., 1969; Gislason and Eugster, 1987) , was subsequently extended to more extreme conditions, such as to model hydrothermal reactions (Giggenbach, 1988; Hedenquist and Lowenstern, 1994) . Marini and Gambardella (2005) and Di Napoli et al. (2014) were the first to apply EQ3/6 to studying magmatic gas scrubbing, although in simple (gas + pure water) conditions. Following the original work of Marini and Gambardella (2005) , we simulated here scrubbing as a process of step-wise addition of increasing quantities of an high-temperature magmatic gas phase to an initial, low salinity, water.
Initialization of the model
Four sets of model runs were carried out (20 simulations in total; Table 3 ). All runs were initialized with an identical initial aqueous solution: a cold (T = 4.1°C), neutral (pH = 7.7) and low-salinity (Total Dissolved Solids, TDS = 300 mg/l) spring water emerging to the north-west of Hekla volcano (sample RB1E; Holm et al., 2010 ) was selected as a proxy for infiltrating waters, and was thus used as the starting point of the simulations. Each run was isobaric and isothermal: pressure was 0.1 MPa in all runs (to explore scrubbing at near-surface, groundwater Table 2 Composition of Hekla dry gas samples (YYYY Dry-n), gas condensates (2012-Cond-n), fresh snow (2012 only), and ambient air (2013 only). Full analysis results can be found in Appendix I. The snow and ambient air samples were collected away from the influence of volcanic emissions, and are believed to represent the composition of the local meteoric water and the atmosphere, respectively. All dry gas samples show high degree of mixing with background air, but there is a stronger 'volcanic' gas signal in the 2013 samples due to improved sampling set-up. Ratios between the 'volcanic' gas species show no significant difference 2012 and 2013 based on their standard deviation. "GC" = gas chromatography, "IR" = portable IR spectrophotometer, "-" = not analysed, "b.d.l." = below detection limits.
Sample type
Dry gas 2012 (l ± r) Dry gas 2013 (l ± r) Ambient air Condensate gas (l ± r) Fresh snow
2.3 ± 0.6 11.9 ± 4 ---CH 4 (ppm)
9.56 ± 4 22.5 ± 11 conditions), while temperature varied from one run to another, and spanned from $7.5°C to just below boiling (99.1°C) (see below).
The four sets of model runs differed by either (a) the composition of the interacting deep gas, or (b) for the presence or absence of solid (rock) reactants. The original composition of the deep gas feeding Hekla surface emissions is unknown and in the view of limited available information on high-temperature magmatic gases in Iceland, only very crude guesses can be made.
In the first set of runs (hereafter referred as HeklaFimmvö rduhá ls runs; 13 simulations in total), we used -as proxy for the initial (pre-scrubbing) deep gas -the composition (H 2 O = 81.63 vol.%, CO 2 = 15.31 vol.%, and SO 2 = 3.06 vol.%) of volcanic gases measured (by FTIR) during the Fimmvö rduháls fissure eruption phase of Eyjafjallajö kull in March 2010 . The second set of model runs (Hekla-Surtsey runs; n = 4) were instead initialized using a more hydrous, less-CO 2 rich initial gas (H 2 O = 92.54%, CO 2 = 4.26%, and SO 2 = 3.20% in vol), which was obtained by averaging available volcanic gas compositional data from the subaerial (nonphreatomagmatic) phase of the 1963-67 Surtsey eruption (Sigvaldason and Elisson, 1968; Gerlach, 1980) . In both of these sets of model runs, no solid reactant (rock) was allowed to dissolve: any difference between their results therefore reflects the uncertainties due to poorly defined composition of the initial deep gas. However, in the third and fourth sets of model runs (Hekla-Glass and HeklaGlass 2 runs, n = 5) we tested how the interaction with a Fig. 4 . A schematic cartoon of the gas-water-rock interaction model used, with indication of the parameters used to initialise the calculations. Table 3 Summary of parameters used in the reaction path model. Four model runs were carried out (*) normalised to solid reactant reaction rate;
(1) Holm et al. (2010) ;
(2) Burton et al. (2010) ; (3) Gerlach (1980) ; (4) Sigvaldason and Elisson (1968) In all four sets of simulations above, the temperature of the initial deep gas (before interaction with the initial solution) was set as 800°C, to account for some cooling from an initial magmatic temperature of >1100°C (Sigvaldason and Elisson, 1968) . The initial deep gas temperature determines the temperature of the model aqueous solution through a simple enthalpy balance. We estimate from our tests that increasing/decreasing the initial deep gas temperature by up to 200°C leads to negligible variations on the model results.
All calculations were carried out using the thermodynamic database data0.com.R2 of EQ3/6, suitably modified by integrating the equilibrium constants (log K) for dissociation reactions of reactant gases (Fimmvö rduhá ls gas and Surtsey gas), in the investigated T (7.5-99.1°C) range and at 0.1 MPa pressure. The equilibrium constants were calculated from log K values of dissociation reactions of pure H 2 O, CO 2 and SO 2 (taken from data0.com.R2).
By analogy with previous water-rock modelling work on Hekla (Flaathen et al., 2009) (Moune et al., 2006 (Moune et al., , 2007 . In view of recent theory (Oelkers et al., 1999; Oelkers, 2001; Gislason and Oelkers, 2003) that during water-rock interaction, only the hydrated surface layer of volcanic glass (enriched in Si and Al), and not the bulk glass, attains equilibrium with leaching solutions, we used the thermodynamic and kinetic properties of the Hydrated Hekla Glass (SiAl 0.31 O 2 (OH) 0.93 ) of Wolff-Boenisch et al. (2004) , which dissolution reaction is:
In the assumption that pore spaces of the solid reactant are water-saturated, we used an effective inter-granular porosity of 0.3 and a density of 2.79 g/cm 3 (WolffBoenisch et al., 2004) to calculate that 77.26 mol of Hydrated Hekla Glass interact with 1 kg of the initial aqueous solution. The dissolution rate of reaction (Eq. (1)) was regulated according to transition state theory-based rate law (Wolery and Daveler, 1992) . We used a total surface area of 7.81Á10 6 cm 2 (from measured BET specific surface area; Wolff-Boenisch et al., 2004) , and dissolution rate constant (rk = 8.56Á10
À11 mol cm À2 s À1 at 25°C) and activation energy (E A = 25.5 kJ mol À1 at 25°C) from Gislason and Oelkers (2003) . Those elements not included in Hydrated Hekla Glass formula were included in the EQ3/6 input file as a special reactant (Wolery and Daveler, 1992) referred as Hekla Glass Cations (Fe 2 O 3 = 0.03; FeO = 0.11; MgO = 0.08; CaO = 0.13; Na 2 O = 0.07; K 2 O = 0.02, all as molar fractions): a total of 77.26 mol (same as for the Hydrated Hekla Glass) of this special reactant were allowed to react with 1 kg of initial solution.
In the thirteen Hekla-Fimmvö rduhá ls runs, different amounts (from 0.2 to 5.4 mol) of the same Fimmvö rduhá ls gas were added to 1 kg of the initial solution. At each step of addition, e.g. in each specific run, temperature was fixed by solving an enthalpy balance between the initial deep gas (800°C) and the initial aqueous solution (4.1°C). Fig. 5 shows that, as the molar amounts of added gas increased, the temperature consistently increased as well, from 7.5°C (0.2 mol added) to 98.3°C (5.4 mol added). Varying the chemical composition of the initial deep gas had trivial influence on the temperature trend (compare results of Hekla-Fimmvö rduhá ls runs and Hekla-Surtsey runs in Fig. 5) .
The rate at which gas dissolves into water was originally taken as identical to dissolution rate of the solid reactant in the Hekla-Glass run. We then performed the fourth model run (Hekla Glass2 run), which is identical to Hekla-Glass but with a gas dissolution reaction rate being 25 times higher than the solid reactant rate.
During the model runs, each of the (differently) gasdoped solutions was allowed to equilibrate (at the specific run temperature) with a set of secondary minerals (quartz, smectite, saponite, calcite, pyrite), which were allowed to precipitate from model solutions upon reaching supersaturation. At the end of the run (e.g., after any available gas/solid reactant had completely dissolved into the initial solution), the equilibrium total gas pressure (P g,TOT ) in the end-of-run aqueous solution was calculated by summing together the partial pressures of individual gas species (taken from the EQ6 output files). We obtained that, for the specific case of Hekla-Fimmvö rduhá ls runs, gas over-saturation (e.g., P g,TOT exceeding 0.1 MPa) was realized from run 2 onward (e.g., for >0.4 mol of gas was added). Three gases contributed, with their individual partial pressures (pH 2 O, pCO 2 and pH 2 S) adding to >99% of P g,TOT . Very similar results were obtained in the Hekla-Surtsey runs; whereas in the Hekla Glass runs gas over-saturation was obtained only for larger (>5.1 mol) additions of gas, reflecting the gas-neutralization role played by dissolution of the solid reactant.
For all end-of-run aqueous solutions in which gas oversaturation was observed, we applied a single-step degassing model (for details on the procedure, see Marini and Gambardella, 2005) , according to the relation:
is the molar fraction of the j gas species in the separated gaseous phase;
is the molar fraction of the j gas species in the initial undegassed liquid; B j is equilibrium partition coefficient for the j gas species and f is the fraction of separated gaseous phase.
In brief, starting from the composition of each oversaturated (2); e.g., molar ratios of (CO 2 /H 2 O) g and (H 2 S/H 2 O) g of the gas phase separated upon increasing extents of degassing (f, the fraction of separated gas). In using Eq. (2), f was step-wise increased (starting from 0 = no degassing) until P g,TOT in the residual (degassed) aqueous solution decreased to 0.1 MPa: that specific value of f was used for calculating the composition of the separated gas. Furthermore, assuming equilibrium partitioning of each single gas j between separating gas and the residual liquid, we calculated the equilibrium partition coefficient (B j ) as the ratio between the Henry's solubility constant and the H 2 O saturation pressure, at the run temperature. The Henry's coefficients (for pure water) are from the data0.com.R2 database of EQ3/6.
RESULTS
Ground temperature and CO 2 flux
Significantly elevated ground temperatures were discovered in two distinct areas: at the summit crater, and Ö xl crater (Fig. 3) .The 2012 T G measurements in these two areas were used to create a T G map of each area. The summit area with elevated temperatures had a narrow, elongated shape, approximately 400 Â 75 m in size (Fig. 3) . As the measurement grid at the summit was fairly dense (10 Â 10 m), the method of the inverse distance weighted (IDW) interpolation was used to create the map. The IDW is a linear-weighted interpolation which assigns values between two points on a linear scale thus creating contour lines. For the Ö xl area (Fig. 3 ) the same interpolation was used although the grid was not complete. This is not considered to significantly impact our estimation of the total CO 2 flux, as all u CO 2 measurements in the Ö xl area, including the points with the highest T G , were either below or just above the detection limit.
The measured u CO 2 ranged from 0.12 to 23,000 g m À2 d À1 (Table 1) . Sequential Gaussian simulation (sGs) method was used to process the u CO 2 measurements. This method is commonly used to process results of u CO 2 field surveys, e.g. Cardellini et al. (2003) . The sGs method yields a given number of equiprobable realizations of the u CO 2 in the surveyed area. In this case 100 realizations were obtained and the cell size used was 2 Â 2 m. The results of the sGs allow quantification of the total u CO 2 from the area, which is taken to be the average of the total u CO 2 of all the 100 realizations as well as the standard deviation of those values, providing constraints on the uncertainty of the average total u CO 2 for the field. Fig. 3 shows the resulting modelled u CO 2 in the surveyed area. The u CO 2 shown for each cell in Fig. 3 represents the average value for that cell obtained in all the realizations. The total CO 2 flux from the summit area was calculated to be 13.7 ± 3.7 T d À1 , where the uncertainty represents two standard deviations. This uncertainty is similar to the fluctuation revealed by repeated measurements at a selected reference point each day that data were collected (±17.5%).
The data collected in 2013 were too few to allow modelling and calculation of the total CO 2 flux in the summit area. However, meaningful comparison can still be made between the two years, as the 2013 measurement locations coincide with the locations where the highest u CO 2 values were measured in 2012. Fig. 6 compares values of T G and u CO 2 which were measured in the same points in 2012 and 2013 (±5 m). The difference in T G values between the two years was small (mean T G value difference <1°C; Table 1 ) and is not considered significant. There was more variability in u CO 2 point values between 2012 and 2013 (mean u CO 2 point values of 4000 and 5600 g m À2 day À1 , respectively) but all point values are comparable to within one degree of magnitude. Larger differences in u CO 2 occurred near both ends of the profile (125-215 m), with higher values in 2013. We do not have enough data to quantify the difference in the total gas flux between the two years, but some increase in total CO 2 flux cannot be excluded. The difference in total CO 2 flux between the two years may be attributed to several possible reasons: (i) a change in volcanic gas flux from depth, (ii) shift in the location of the high-gas emission area (due to fluctuations in the degassing pathway and/or more extensive seasonal snow cover in 2013), (iii) slight difference in the measurement location.
It is important to estimate u CO 2 from unmapped areas. We calculated u CO 2 based on the following evidence: (i) We have identified all of the areas where the T G and u CO 2 are significant. This is based on visual observations (manifestations of elevated T G , such as absence of snow cover, non-frozen ground, and steam emanations). (ii) Mean u CO 2 in 'cold' soil areas was $13 g m À2 d
À1
, while the mean u CO 2 at the summit was $4000 g m À2 d À1 (Table 1) . Based on this, we can estimate that the average summit u CO 2 is $300 times higher than the average u CO 2 elsewhere on the mountain. (iii) The unmapped area is $670 times larger than the mapped area at the summit. (iv) Combining this evidence, we calculate that the CO 2 flux from the unmapped areas is at least 30 T d
, i.e. approximately twice as large as the emissions from the summit area. The total u CO 2 from Hekla central volcano is therefore estimated as at least 43.7 T d À1 .
Gas composition
Analysis of dry gas samples showed that Hekla's emissions are significantly mixed with background air by the time they reach the surface, containing on average 76.6% N 2 and 18.9% O 2 in 2012 and 74.4% N 2 and 19.1% O 2 in 2013 (Table 2 ). This is likely explained by the permeability of the poorly compacted top tephra layers. However, concentrations of CO 2 , CO, CH 4 and H 2 were noticeably elevated above known background level, especially in 2013 which is believed to be due to a better sampling technique. Ratios between the 'volcanic' gas species are shown in Table 2 . There is no significant difference between 2012 and 2013 based on the standard deviation of the two sample sets.
Analysis of MultiGAS data (see Appendix II for full results) was performed using RatioCalc v1.5 and 2.0 software, which allows for automatic creation of gas species scatter plots from data acquired within any single 30 min measurement cycle, and calculation of gas species ratios from the gradient of best-fit regression lines through the data scatter (same methodology as Aiuppa et al., 2009 Aiuppa et al., , 2010 . Examples of scatter plots are given in Appendix III. Calculations were restricted to measurement intervals when measured concentrations showed substantial excess relative to ambient air (e.g., when CO 2 was >16 ppm above ambient air, see Appendix II). Given the relatively low flux of the diffuse Hekla emissions and high degree of mixing with ambient air, this condition was fulfilled in only $30% of 2012 measurement cycles. H 2 O/CO 2 and CO 2 / H 2 S ratios used for data interpretation had an R 2 value of >0.5. Fig. 7 shows the variations in maximum CO 2 concentrations and the H 2 O/CO 2 ratio in 2012 (0.1-7.2, with a mean value of 1.6 ± 1.6 at 1r). The spread of H 2 O/CO 2 ratios is larger at low gas concentrations (e.g., for CO 2,excess < 100 ppm; CO 2,excess stands for ambient air-subtracted MultiGAS concentrations). In such conditions, the retrieval algorithm in RatioCalc finds the volcanic signal more difficult to distinguish from the dominating atmospheric signal. This is supported by correlating the prevailing wind speed and gas concentrations. Higher gas concentrations were detected during periods with lower wind speed (Fig. 7) , when volcanic gas is diluted to a lesser degree by ambient air. On the other hand, in more concentrated volcanic gas the range of derived H 2 O/CO 2 ratios becomes narrower (0.2-2.9 for samples with CO 2,excess > 1000 ppm). Therefore, we consider this range more representative of the 'volcanic' gas signature.
In 2013, the concentrations of CO 2 have been consistently close to, or above, 1000 ppm (full results in Appendix II). This is most likely due to the new station set-up where the inlet takes in gas directly from the soil allowing less mixing with background air than in the setup of 2012. The derived H 2 O/CO 2 ratios with ). The station is located 45 km to the NE of Hekla, and is the nearest weather station with the most similar altitude. The figure illustrates that high CO 2 values were generally measured during intervals of lower wind speed. The spread of H 2 O/CO 2 ratios is greatest at low gas concentrations (e.g., for CO 2,excess < 100 ppm). The range of H 2 O/CO 2 ratios becomes narrower in more concentrated gas (0.2-2.9 for CO 2,excess > 1000 ppm) and it is considered to be more representative of the 'volcanic' gas signature.
CO 2,excess > 1000 ppm range between 0.01 and 3.1, are therefore very similar to 2012 (Table 4 ).
The sub-population of CO 2,excess > 1000 data shows a mean H 2 O/CO 2 ratio of 1.3 in 2012, and 0.30 in 2013 (Table 4 ). While we cannot exclude that there has been a change in the emitted gas composition between 2012 and 2013 (see Section 3.1 on total CO 2 flux), we believe that the lower H 2 O/CO 2 ratio in 2013 is most likely caused by the difference in the sampling set-up. The emissions in 2013 are less diluted by background air and therefore believed to be more representative of the 'volcanic' gas composition at Hekla. The Hekla gas is also found to be very sulphur-poor. We measured peak H 2 S concentrations of only 400 and 450 ppb (2012 and 2013, respectively) , and most of our detections actually fall in the tens of ppb range, where the MultiGAS becomes increasingly inaccurate (full results in Appendix II). The very low H 2 S concentrations, and the consequent large associated errors (>50%, compared to <<20% in the ppm range), is sufficient to explain the high variability of CO 2 /H 2 S ratios (220-33,000 and 4000-320,000 in 2012 and 2013, respectively; Table 4 ). The H 2 O-poorest and CO 2 -richest data-points also show the most H 2 S-poor compositions (Fig. 8) , with the Table 4 Summary of H 2 O/CO 2 and CO 2 /H 2 S molar ratios as measured by MultiGAS station in 2012 and 2013, including the mean (l) and standard deviation (1r). The more concentrated gas (CO 2,excess > 1000 ppm) is considered to be more representative of Hekla's gas signature. figure also shows the compositions of model residual gases (solid lines), calculated from equation (2) (same data as in Fig. 5 ). The model residual gases overlap with the compositional field of Hekla gas emissions, indicating that they could be derived from magmatic gases through S-and H 2 Oscrubbing. The dashed lines are indicative of the model evolution of residual gas compositions, after allowing for some extent of condensation (increasing from top to bottom) in the soil (the condensation curves were obtained after Chiodini and Marini, 1998) .
CO 2,excess > 1000 subset of samples having a mean CO 2 / H 2 S ratio of 15,000 and 89,000 in 2012 and 2013, respectively (Table 4) . Hydrogen was very occasionally detected (measured in 2012 only), and was also characterized by very low concentrations (1.5-4 times as much abundant as H 2 S); while SO 2 was systematically below 50 ppb detection limit. From the ratios above, we recalculated the molar compositions of Hekla gas (after removing the signal of ambient air), summarized in Table 4 . The Hekla gas is found to be very 
Isotopic composition
Carbon isotope composition (d 13 C in & relative to the PDB standard) of CO 2 varied from À2.2 to À5.4& with the exception of one sample with a very low value of À19.7& (summary in Table 2 ; full results in Appendix I). Excluding the very low outlier, all the samples result from mixing of volcanic emissions and air in varying proportions (Fig. 9) . The mean isotopic composition computed of the samples less affected by air-contamination (CO 2 > 5000 ppm) is À4.0 ± 0.6& at 1r is consistent with the d 13 C value that has been deduced for primitive Icelandic magmas (À4.1 ± 0.9&, Marty et al., 1991; À3.8 ± 0.7&, Poreda et al., 1992) .
The water isotopes (dD and d
18 O) measured in a sample of fresh snow collected at an elevation of about 1430 m a.s. on the slopes of Hekla, are consistent with the global meteoric water line (GMWL, Craig, 1961) and are therefore believed to be representative of the local meteoric precipitation at that elevation (Fig. 10) . Groundwater in the plains surrounding Hekla is also known to be isotopically consistent with GMWL, which further supports its meteoric origin, although not entirely local; springs west and southwest of Hekla have dD À60 to À70& and are believed to discharge local meteoric water, but springs north of Hekla have dD À73 to À77& indicating a source far to the northeast (Á rnason, 1976; Gislason et al., 1992; Flaathen et al., 2009) . The difference in deuterium content between the Hekla snow sample and spring water in the plains southwest of Hekla is 50-60& and the difference in elevation is about 1000-1200 m, yielding an average deuterium depletion of about 5& per 100 m elevation, considered typical for southern Iceland (Á rnason, 1976) . Fig. 10 compares d 18 O and dD in the condensate gas samples (n = 2) from Hekla with other volcanic areas in Iceland, as well as with meteoric precipitation and groundwater. One of the Hekla condensate samples has dD similar to precipitation at low altitude near Hekla (200-400 m a.s.l.); while dD in the other gas sample is closer to that of Hekla summit precipitation ($1500 m a.s.l.). Based on these results, we tentatively conclude that the water in the gas samples is a mixture of meteoric precipitation at various altitudes and local groundwater. Magmatic origin for the water vapour is unlikely.
The d 18 O in the gas samples falls notably far to the left of GMWL (Fig. 10) . A shift in d
18 O towards more depleted values has been reported in cold, CO 2 -rich waters from other volcanically active areas in Iceland (Snfellsnes, Arnó rsson and Barnes, 1983; Kristmannsdó ttir and Sveinbjoernsdó ttir, 2012); Brimstone Basin in Yellowstone national park (Bergfeld et al., 2012) ; Malawi Rift in Tanzania (Delalande et al., 2011) , as well as from several non-volcanic areas with high CO 2 flux (Vuataz and Goff, 1986; Matthews et al., 1987; Pauwels et al., 1997; Cartwright et al., 2002) . The operating mechanism is believed to be isotopic equilibration between CO 2 from a deep thermal source and shallow, cold, groundwater (Bergfeld et al., 2012 and references therein) . Fig. 10 also shows isotopic composition of water from volcanic systems with active geothermal systems (Darling and Á rmannsson, 1989; Pope et al., 2009) . Deep geothermal fluid tends to plot to the right of GMWL being less d
18 O depleted than the local groundwater. On the other hand, surface fumaroles in geothermal volcanic systems are, to a variable extent, more depleted in both d
18 O and dD than both the geothermal fluid and the local groundwater. This has been attributed to a variable degree of geothermal boiling and rock-water interaction (Darling and Á rmannsson, 1989) . Our isotopic data alone cannot distinguish whether the depleted d 18 O content of Hekla water vapour is a result of geothermal boiling, or an interaction of deep CO 2 rich gas and cold groundwater. However, the circumstances at Hekla point towards the latter as there is little evidence for geothermal boiling (as discussed in 4.2, the gas composition is Fig. 9 . Isotopic composition of d 13 C of CO 2 measured in dry gas samples from Hekla, and in ambient air for comparison. Only 5 samples were obtained in 2012 due to difficult sampling conditions ('Hekla gas 2012', one sample has been excluded from the plot as erroneous). Sampling was repeated in 2013 ('Hekla gas 2013'). There is no significant difference in d 13 C between 2012 and 2013. The mean d 13 C value, computed on combined results from both years and considering only the samples (n = 24) with CO 2 contents higher than 5000 ppm is À4.0 ± 0.6& (at 1r). The dashed lines show the range of values calculated for primitive Icelandic magmas (À4.1 ± 0.9&, Marty et al., 1991; À3.8 ± 0.7&, Poreda et al., 1992) . CO 2 -rather than H 2 O dominated). The temperature gradient in exploratory boreholes indicates a low-temperature system and there is no evidence for geothermal contribution to the local groundwater (e.g. Gislason et al., 1992; Hjartarson and Sigurðsson, 2000) .
Reaction path model results
The calculated chemical compositions (proportions of CO 2 , H 2 O and H 2 S in vol%) of the gas separated from the various over-saturated end-of-run aqueous solutions are shown in Fig. 5 . These compositions would be representative of that of a residual gas formed after different extents of scrubbing of an initial deep gas by groundwater reactions (Fig. 4) .
Simulation results highlight a range of residual gas compositions for the various runs (Fig. 5) : in more gas-rich, higher-temperature runs (gas/water ratios $ 0.1), representative of lower extents of scrubbing, the residual gas typically has more hydrous (H 2 O $80.3, CO 2 $19.7 vol%) composition; while in lower-temperature, less gas rich (gas/water ratios < 0.02) runs (more scrubbing), CO 2 prevails (H 2 O $1.3%, CO 2 $98.7%). The H 2 O-CO 2 composition of the residual gas is only marginally affected by changes in the composition of the initial deep gas (for the range of conditions included), and by the presence/absence of solid reactants (model results are somewhat overlapping in Hekla-Fimmvö rduhá ls, Hekla-Surtsey and Hekla-Glass runs). For all run conditions, sulphur remains a trace component ($10 À3 to 10 À4 vol%) of the residual gas, and is invariably present in H 2 S form (contrary to the initial gas(es), where SO 2 prevailed). The most S-depleted compositions (H 2 S $10 À4 vol%) are observed in the presence of a solid reactant (Hekla-Glass runs). This can be explained by pH-control on gas-water sulphur-partitioning: compared to the very acidic (pH $1) conditions of gas-water (Hekla-Fimmvö rduhá ls, Hekla-Surtsey) runs (which favour H 2 S degassing), neutral pH $7 conditions are observed in runs where the buffering role of rocks is taken into account (Hekla-Glass runs), leading to more effective S scrubbing to the liquid phase. However, the gas-neutralization role played by dissolution of the solid reactant is minimized in Hekla Glass2 run at higher gas/water ratios as a consequence of faster gas dissolution relative to glass (Fig. 5) .
The results of model simulations are compared in Fig. 8 with the compositions of natural (volcanic gas) samples from Iceland. The modelled residual gas compositions are remarkably different from the compositions of high-temperature magmatic gases measured during eruptions in Iceland (Sigvaldason and Elisson, 1968; Gerlach, 1980; Allard et al., 2010; Burton et al., 2010) . The modelled residual gases have far lower sulphur contents and more CO 2 -enriched compositions (CO 2 /S TOT from $220 to $308,000) than Icelandic magmatic gases (S T $3 vol% and CO 2 / S TOT of 0.1-5). Clearly, the model calculations account well for the extensive removal of reactive sulphur from the initial deep gas upon interaction with the groundwater systems (Symonds et al., 2001) . There is also a mismatch between -20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 - 
18
O relative to the global meteoric water line (GMWL). The two Hekla gas samples have different dD which we believe indicates that they origin from precipitation at different altitudes. Depletion in d
O in the Hekla gas is attributed to isotopic equilibration between deep-sourced CO 2 -rich gas and cold groundwater; the same mechanism has been postulated for CO 2 -rich cold groundwater springs at Snfellsnes (see text for more detail). Fumarolic vapour samples from volcanic geothermal systems (Krafla, Námafjall and Theistareykir) show variable depletion in both dD and d
O which has been attributed to geothermal boiling and rockwater interaction. The water in the volcanic geothermal system of Reykjanes is marine and therefore highly enriched in dD and d
O. References: Hekla gas, and summit precipitation (this study); Hekla cold springs Holm et al., 2010) ; Hekla low altitude precipitation (Á rnason, 1976); Theistareykir, Krafla, Námafjall (Arnó rsson and Barnes, 1983; Sveinbjornsdottir et al., 1986; Darling and Á rmannsson, 1989); Hveragerdi, Leirá (Arnó rsson and Barnes, 1983) ; Reykjanes (Ó lafsson and Riley, 1978; Arnó rsson and Barnes, 1983; Pope et al., 2009) ; GMWL (Craig, 1961). modelled and magmatic gas H 2 O/CO 2 compositions, with residual gases being typically less hydrous (H 2 O/CO 2 range from 0.01 to 5.3). At the under-boiling conditions explored here, CO 2 is the favourite gas species reaching the surface following scrubbing. Importantly, Fig. 8 demonstrates that the modelled residual gas compositions overlap with the compositional field of Hekla surface gas emissions measured in 2012-2013. The best fit between the modelled and measured Hekla gas is given by Hekla-Glass2 run (Fig. 8) . The faster gas dissolution rate used in HeklaGlass2 produces lower CO 2 /S tot compositions as less sulphur is being scavenged by secondary minerals, which in turn gives a better fit between modelled and measured compositions.
DISCUSSION
1 Origin of Hekla gas emissions
The Hekla gas is chemically distinct from the compositional domain of steam samples from hydrothermal manifestations around active volcanic systems in Iceland (Fig. 8) . While a pure hydrothermal derivation can be ruled out for the Hekla gas (based on CO 2 -dominated gas composition), a magmatic derivation is problematic, too: our Hekla gas differs in composition, being less hydrous and more sulphur-depleted, from compositions of magmatic gases emitted during subaerial eruptions in Iceland such as Eyjafjallajö kull in 2010 (Allard et al., 2010; Burton et al., 2010) and Surtsey in 1964-67 (Sigvaldason and Elisson, 1968; Gerlach, 1980) , see Fig. 8 .
Magmatic gas supply to Hekla in 2012-2013 is strongly supported by the CO 2 isotope measurements (Section 3.3), which identify a d 13 C of À4.0 ± 0.6&, consistent with the magmatic d 13 C range in Iceland (Marty et al., 1991; Poreda et al., 1992) . In light of this, and in order to reconcile the unusual CO 2 -rich composition of Hekla gas with its (at least partial) magmatic derivation, two hypotheses can be proposed:
(i) The gas supply to Hekla fumaroles during the quiescent interval was essentially contributed by a deep magmatic source (at least 200 MPa, or 10 km depth, Papale et al., 2006) , with confining pressures high enough to allow substantial exsolution of only the scantily soluble CO 2 , with most of the more soluble H 2 O and sulphur remaining dissolved in the silicate melt. (ii) The magmatic gas supply to Hekla was originally rich in both H 2 O and sulphur (e.g., similar for instance to the Fimmvö rduháls gas measured by Burton et al. (2010) ; see Fig. 8 ) as it separated from magma at depth; but then underwent substantial modification by secondary processes during cooling and interaction with wall-rocks and groundwater along its pathway to surface (Fig. 4) . The low temperature of surface manifestations strongly support that significant H 2 O condensation occurs prior to emission, a process which would also remove a substantial fraction of water-soluble sulphur. Scrubbing of H 2 S (and eventually SO 2 ) via heterogeneous reactions with groundwater, minerals and rocks would also be extremely likely in the low-T, low gas flux regime environment prevailing on Hekla during the quiescent interval. Condensation and scrubbing, if taking place to a significant extent, would overall lead to the increase in the concentration of the less reactive CO 2 and to the depletion of the two other gases (Symonds et al., 2001; Werner et al., 2012; and references therein) Mechanisms (i) and (ii) do not exclude each other, and may concur to produce the CO 2 -rich composition of Hekla gas (Fig. 8) , but we believe that mechanism (ii) is the more plausible pathway as is explained in the following Sections 4.2 and 4.3).
Interaction between volcanic gases and groundwater at Hekla
The isotopic composition of H 2 O gas in Hekla's emissions (depleted in 18 O compared to the local precipitation and groundwater, Fig. 10 ) provides supporting evidence for a deep-sourced CO 2 interacting with the shallow groundwater system. The groundwater in Hekla area has a stable, low temperature of $4°C (e.g. (Flaathen et al., 2009) , which is favourable for rapid isotopic equilibration (Friedman and O'Neil, 1977; and references therein) . Isotopic equilibration between deep-sourced CO 2 with cold groundwater enriches CO 2 in d
18
O while H 2 O becomes relatively depleted; this has been observed in several areas with high CO 2 degassing (Arnó rsson and Barnes, 1983; Vuataz and Goff, 1986; Matthews et al., 1987; Pauwels et al., 1997; Cartwright et al., 2002; Delalande et al., 2011; Bergfeld et al., 2012) .
Uptake of Hekla's magmatic gases by the surrounding groundwater system has been examined by Flaathen and Gislason (2007) , Flaathen et al. (2009) and Gislason et al. (1992) . Waters from groundwater springs (n = 26) and larger rivers (n = 4) sourced in Hekla area were analysed for concentrations of dissolved inorganic carbon (DIC) in irregular campaign measurements between 1988 and 2006. Flaathen et al. (2009) estimated the annual volcanic CO 2 flux from Hekla based on the measured DIC concentration and the annual mean water discharge. It is interesting to compare the diffuse degassing CO 2 flux (this study) and groundwater-transported flux (Flaathen et al., 2009) as is done in Table 5 . There is a fairly large uncertainty associated with this comparison, since the groundwater measurements of Flaathen et al. (2009) were not made synchronously with our gas measurements. However, recent measurements in Hekla's spring waters (JulyAugust 2013, Icelandic Meteorological Office, monitoring data) revealed similar DIC concentrations to those reported by Flaathen et al. (2009) , supporting the validity of the comparison. This comparison indicates that the diffuse degassing discharge of CO 2 from Hekla's summit accounts for only 1.4-6.2% of the total CO 2 flux from Hekla, with the rest being transported by groundwater. Note that this estimate does not take into account the fraction of the gas taken up by solid mineral phases. It must also be noted that our calculation of the total CO 2 flux from Hekla is a minimum value, as it is based on a small high-flux area at the volcano's summit and omits potential low-flux emissions from other parts of the mountain, which are, nevertheless, extensive. This highlights the high probability of underestimating total fluxes from volcanic areas, as very low-emission areas are often excluded from field surveys. As shown in Section 3.1, the total CO 2 flux from Hekla central volcano could be as high as $44 T d À1 , or 3 times higher than the flux from the summit area. However, this does not change the conclusion that the CO 2 content in groundwater far exceeds the diffuse degassing flux from the central volcano (44 T d À1 would account for a maximum of 15% of the total flux). The high volume of groundwater in the Hekla area and its low temperature ($4°C) are likely contributing factors. Gislason et al. (1992) report significant concentration of sulphate in Hekla's groundwaters, with mass flux of 2 T h À1 of SO 4 compared to 8 T h À1 of CO 2 . The spatial distribution of these elevated concentrations support that their origin is primarily magmatic degassing rather than rock dissolution, as their abundance decreases rapidly with distance from the central volcano, in spite of small difference in bedrock composition. The fact that sulphur emissions at the summit of Hekla are negligible compared to CO 2 (mean molar ratio 7600 ± 8300) strongly supports mechanism (ii) described in the previous section, where the original composition of gas released from Hekla contains both H 2 O and sulphur (in addition to CO 2 ) but the more soluble components get removed through interaction with groundwater. We note that the C/S ratio reported by Gislason et al. (1992) is higher (molar C/S $4) than that predicted by our reaction path model for the liquid phase following scrubbing of magmatic gas (molar C/S 0.5-0.6 in a 50-70°C range). However, this difference is not surprising as the liquids in our model are representative of direct interaction with high-T magmatic gases and consequently have low pH. In contrast, Gislason et al. (1992) studies cold spring water with near-neutral pH, located several km from the volcano and therefore representative of later, more mature, stages of water-rock interactions.
As shown in Fig. 8 our modelled residual gas compositions (i.e., magmatic gas which has reacted with cold groundwater and wall-rock) overlap with the compositional field of Hekla surface gas emissions in 2012-2013. This overall agreement between modelled and measured compositions are consistent with the hypothesis that present-day Hekla gas manifestations are the end-product of extensive groundwater/hydrothermal scrubbing of deep magmatic gases. If this interpretation is correct, our results then also imply that the time-variability of gas compositions observed at Hekla today are sensitive to changes in (i) magmatic gas vs. meteoric water supply; (ii) composition of the feeding gas; (iii) extent of reaction with host rocks; (iv) extent of condensation in the soil, prior to atmospheric discharge (the soil is liquid-saturated in many areas of Hekla summit). If our interpretation of Hekla's degassing behaviour is correct, it can be predicted that the CO 2 discharge may proportionally increase with building pressure in the magma source, and that the sulphur/CO 2 ratio becomes higher in the diffuse gas emissions as the influence of groundwater scrubbing is reduced.
Subsurface structure
The gas emissions at Hekla (in the form of diffuse soil degassing) were restricted to a small area ($400 Â 75 m) at the volcano's summit crater (Fig. 3) . The total CO 2 flux ($5000 T/a measured at the summit, plus estimated $10,000 T/a from its flanks) is relatively low when compared to other degassing volcanoes in Iceland and elsewhere (see overview in Burton et al., 2013) . However, it is noteworthy that point values of CO 2 flux (up to 23,000 g m
À1 ) were the highest that have been measured using same methodology in Iceland (max $ 2200 g m À2 d À1 at Reykjanes, Fridriksson et al., 2006; and 18 ,000 g m À2 d
À1
at Hengill, Hernández et al., 2012) . The fact that the gas emissions were so spatially restricted may suggest a structural control on the degassing pathway. The spatial restriction of the gas emissions is further highlighted by comparison between the 'hot ground' areas at Hekla. It is well established that diffuse gas emissions tend to correlate with elevated ground temperatures (e.g., Fridriksson et al., 2006) . At Hekla, however, it is noteworthy that there are areas outside the summit crater which have elevated ground temperatures (T G ), but no detectable gas emissions (Fig. 3) . Ö xl crater was the most remarkable example as it had higher T G than the summit crater, but CO 2 flux was always below, or barely above, the detection limit. This is particularly interesting when we consider the eruption history of the two craters: Ö xl crater has been active in the two most recent eruptions (1991 and 2000) while the summit crater has not produced eruptive material since the eruption episodes in 1980-81 (Figs. 1 and 3) . Several structural models of Hekla's plumbing system assumed a deep magma reservoir (>10 km) and a narrow dyke which opens from the reservoir to the surface only during eruptions (e.g., Ofeigsson et al., 2011; Geirsson et al., 2012 ). This plumbing model presents some problems when trying to explain the observed degassing behaviour of Hekla: (i) it cannot explain the obvious spatial restriction Table 5 Comparison between the flux of CO 2 degassed at the summit of Hekla, and CO 2 transported by the Hekla groundwater system (Flaathen et al., 2009) . It is estimated that the CO 2 degassed at the summit may be only 1-6% of the total annual CO 2 discharge from Hekla. The estimate does not take into account the unknown proportion of the gases taken up by mineral phases. The bold values represent the total values, and percentage of total discharge, respectively. They represent the total system. * Flaathen et al., 2009. of the diffuse gas flux; and (ii) the confining pressure at >10 km depth would prohibit extensive exsolution of sulphur. This disagrees with petrological analysis of recently erupted Hekla's magmas which indicates significant loss of sulphur from the melt during storage at depth through fractional crystallisation and evolution of the primitive magma (Moune et al., 2007) . Our measurements of the gas composition find that the emissions are sulphur-poor, but we explain this through scrubbing of soluble gases by shallow groundwater. This is in agreement with previous study by Gislason et al. (1992) which showed that large concentrations of sulphur are released by Hekla during non-eruptive periods and transported by groundwater (see Section 4.2). In a recent publication Sturkell et al. (2013) propose a new structural model for Hekla's plumbing system which may be more consistent with our observations of the degassing pattern. Their model proposes that during the last large eruption of Hekla (1947 CE), a single and relatively large conduit formed. Due to its size, the conduit ($50 m in diameter) has remained molten between eruptions in the recent decades. It extends from the deep reservoir ($10 km) up to <1 km depth below the surface, and during an eruption a shallow dyke breaks through the top $1 km. This model fits with the observed patterns of shallow seismicity and GPS displacement, as well as providing an explanation for the recent decrease in eruption repose length from $60 years to $10 years (Sturkell et al., 2013) .
Our T G and CO 2 flux measurements are consistent with the model suggested by Sturkell et al. (2013) . We interpret our observations as follows: the elevated T G at Ö xl crater is residual heat in the dyke which fed the most recent eruption(s). The residual magma has lost its CO 2 which accounts for the lack of detectable gas flux at the surface in spite of elevated T G . On the other hand, the gas flux (and heat flux) at the summit crater is driven by ongoing degassing of magma at depth ($10 km). The model would also explain why the observed gas flux is spatially constrained to the summit crater, as exsolved gas would preferentially travel to the surface along the molten conduit. In addition, the estimated size of the molten conduit (Sturkell et al., 2013) is consistent with the size of the area with high gas emissions. However, a completely crystallized but fractured/porous conduit would also be consistent with the spatial distribution of the gas emissions at the summit. Both of these plumbing models allow for the exsolved gas composition to contain significant amounts of sulphur and H 2 O prior to being modified by groundwater interaction (see Section 4.2).
CONCLUSIONS
Our study at Hekla volcano provides the first measurements of its atmospheric gas flux during a quiescent interval (2012) (2013) . The gas composition was CO 2 -dominated (0.79 mol fraction) and chemically distinct both from the compositional domain of steam samples from hydrothermal manifestations around active volcanic systems in Iceland (less hydrous), as well as from syn-eruptive magmatic gases (more sulphur-depleted).
The total CO 2 flux from Hekla mountain (in the form of diffuse soil degassing) was calculated to be at least 44 T d À1 , thereof 14 T d À1 were sourced from a very small area ($400 Â 75 m) at the volcano's summit. The individual point values are the highest known in Iceland. The origin of the CO 2 is believed to be magmatic based on 13 C signature. The summit was the only area on Hekla mountain with both elevated ground temperature as well as detectable gas flux, while several areas on the flanks displayed elevated T G but had very low or negligible gas flux. Our interpretation is that the elevated T G on the flanks is due to residual heat in the intrusion from the most recent eruption(s). On the other hand, the gas flux in the summit area is sourced in a degassing magma body at depth ($10 km). The structural model of the plumbing system proposed by Sturkell et al. (2013) is consistent with the spatial restriction of the gas emissions to the summit crater area.
Based on the combined observations of the field data and reaction path modelling results, we conclude that the gas composition is rich in H 2 O, CO 2 and sulphur when it separates from the magma body at depth, but undergoes substantial modification along its pathway to the surface through cooling and interaction with wall-rock and groundwater. The modification involves both significant H 2 O condensation and scrubbing of S-bearing species, leading to a CO 2 -dominated gas composition at the surface. Only a small fraction of the discharged gas (<15%) reaches Hekla's summit during quiescent intervals, with the rest being taken up and transported by groundwater (the proportion taken up by mineral phases is unknown). A compositional shift towards more S-and H 2 O-rich gas compositions if measured in the future by the permanent MultiGAS station should be viewed as sign of imminent volcanic unrest on Hekla.
